We study the phenomenology of new heavy vector-like fermions that couple to the third generation quarks via Yukawa interactions, covering all the allowed representations under the standard model gauge groups. We first review tree and loop level bounds on these states. We then discuss tree level decays and loop-induced decays to photon or gluon plus top. The main decays at tree level are to W b and/or Z and Higgs plus top via the new Yukawa couplings. The radiative loop decays turn out to be quite close to the naive estimate: in all cases, in the allowed perturbative parameter space, the branching ratios are mildly sensitive on the new Yukawa couplings and small. We therefore conclude that the new states can be observed at the LHC and that the tree level decays can allow to distinguish the different representations. Moreover, the observation of the radiative decays at the LHC would suggest a large Yukawa coupling in the non-perturbative regime.
Introduction
In many models of new physics, like for example extra dimensional models, Little Higgs models, dynamical models, there are heavy vector-like fermions which decay to Standard Model (SM) fermions plus a boson (W /Z and/or Higgs h). Moreover the mixing of vectorlike quarks with the third generation and in particular the top quark is a common feature in little Higgs models [1] and composite Higgs models based on top condensation [2] . We are at present at the beginning of the Large Hadron Collider (LHC) era which is an exciting time for discovery of new particles and test of models near the electroweak scale. Previous collider and precision data place however limits on new heavy quarks and set the lowest mass scale for these resonances once some properties for these particles are assumed. Direct searches give mass constraints in the range of 200-300 GeV, typically assuming a charged current decay chain [3] . Precision tests can be stringent in some cases but more model dependent as the effect of new particles or couplings may affect the precision observables in both directions. Indeed in the past vector fermion models were for example suggested to improve the R b data at LEP2 [4, 5, 6] . More recently it was proposed that the discrepancy of the measured asymmetry A F B b with the standard model can be reduced through the introduction of new quarks with non-trivial mixings with the third generation [7] . Mixing effects with the SM quarks give stringent bounds in the case of mixing with the first two generations but only mild bounds for the mixing with the third generation. For a discussion of the parametrisation of mixing effects and CP bounds see [8] . In the following we shall focus on vector-like quarks in various representations for which a coupling to a standard Higgs doublet is possible. We will assume that there is only one fermion that couples to the third generation of quarks, the top and bottom, via a Yukawa coupling. This situation can reproduce with a good accuracy models where only the top partners are lighter than other heavy fermions like, for example, composite Higgs models [9] . This case is in general different from the case of a chiral fourth generation, for which more stringent bounds can be obtained [10, 11] .
In order to keep the discussion general we will not consider any specific model but rather an effective approach where the decays are induced by a new Yukawa coupling. This coupling generates the mixing of the new heavy fermion with top and bottom. We will ignore the possible mixing to the light generations which is strongly constrained by flavour physics. The idea is to study tree level and radiative decays (loop induced decay into photon or gluon plus SM fermion) due to such Yukawa interactions to understand if the observation of such modes at the LHC would allow us to distinguish the different cases and/or estimate the size of the new Yukawa couplings. In the next section, we will define the effective model, and study the possible Yukawa interactions as a function of the representation of the heavy fermion and the number of new fermions. In section 3 we limit ourselves to the third generation of quarks and define the allowed parameter space. In section 4 we present the results for the tree and loop level decays and in section 5 we discuss the numerical results and briefly the LHC prospects.
The effective model
In the following we shall assume that the new fermions interact with the SM fermions via Yukawa interactions. The quantum numbers of the new fermions with respect to the weak SU(2) There are 3 possible doublets: one with the SM hypercharge Y , and two others with Y ± 1. Finally, one can add two triplets with hypercharge Y ± 1 2 . In the following we will denote by U and D the heavy partners of the up and down SM particles, namely the states that will mix with the SM fermions. We will denote by a X the eventual extra fermion that does not mix with SM ones, because of a different electric charge.
Two fermion mixing
The Yukawa coupling λ connecting the heavy fermions with the SM ones will generate a mixing between the two states, with the light one to be identified with the SM mass eigenstate. In general, there are two types of mixing: the singlets and triplets couple to the left-handed doublet, while the doublets couple with the right-handed singlets. In the following we will study these two cases in general, adding two heavy states, U and D, and parametrising their mixing with the SM states. This formalism can then easily adapted to the different representations of the heavy fermions.
In the case of singlets and triplets, after the Higgs doublet develops a vacuum expectation value
where v ∼ 246 GeV and h is the physical Higgs boson, the mass terms will look like
where x ∼ λv with the proportionality factor depending on the representation U belongs to (a similar expression holds for down-type fermions). In the singlet case, a mass term U L u R is also allowed, however one can always find a combination of U R and u R to remove such parameter and redefine the Yukawa couplings. The mass matrix can be diagonalised by two mixing matrices
where m t ≥ M ≥ m t . The relations between the three input parameters and the mixing angles and masses can be expressed as and 500 GeV). In the limit case x → 0, the two straight lines correspond to M = m t , and M = m t (with
In this case, for M m t , the right-handed mixing angle is much smaller that the lefthanded one. Note also that some values of m t can be obtained by two choices of M (see Figure 1 ): for large M the top mostly lives in the chiral fermion, while for the small M solution it mostly consists of the new fermion (and the Yukawa y u is large).
In the case of doublets:
The diagonalisation can be calculated in a similar way:
the relations between parameters are the same except that the formulas for the left-and right-handed mixing angles are exchanged:
In this case, therefore, it is the left-handed angle to be small for large M . Using the mixing matrices, we can express the couplings to Z, W and h as two by two matrices in the mass eigenstate basis (the couplings with the photon and gluon stay diagonal due to gauge invariance). If we denote by g sm W and g ψ W the couplings of the W with the SM doublet and the new fermion respectively, the left-handed couplings can be written as:
where s and c stand for the sin and cos of the mixing angles. The same formula applies for the right-handed couplings, with g sm W = 0:
, and g ψ W , the same for left-and right-handed components, depends on the representation: it is equal to the SM one for a doublet and equal to ±g for a triplet. Note also that in the case where either U or D are absent, the same formulas can be used just setting g ψ W = 0 and setting to zero the absent mixing angle. Similarly, a general matrix formula can be written for the Z couplings of both left-and right-handed ups and downs:
(2.17)
Note here that the Z couplings can be always expressed as function of the weak isospin and charge of the fermion:
Finally, we can express the Higgs couplings in the two cases as:
Third generation quarks
Precision tests on new vector-like fermions play an important role to constrain the possible range of masses, couplings and mixings. For light quarks and leptons, the modification of tree level couplings to the gauge bosons poses a very strong bound on the masses or mixing angles, therefore we will ignore this case. The only case that may be relevant for the LHC is a mixing in the third generation of quarks: in the following we will consider only mixing involving top and bottom quarks, and assume that the mixing effects are negligible for the light generations so that they do not appear in flavour measurements.
Nevertheless, tree level bounds, typically coming from W → tb or Z → bb due to mixing effects with the new heavy fermions, give important indications: they are "robust" bounds, in the sense that they only depend on the mixing parameter and the properties of the new particle. Loop-level bounds, as for example oblique corrections, are also an important and often stringent test of the possible range of parameters for new heavy fermions, however they are more model dependent than the previous ones. In fact, heavier particles that appear in a specific model also contribute leading to potential cancellations. Moreover, the Higgs mass is still unmeasured and its variation from the reference value can compensate for the heavy fermion contributions. The importance of the oblique corrections is due to the fact that in many extensions of the Standard Model the vacuum-polarisation diagrams are the main corrections to the standard particle interactions. However the oblique corrections are not much useful if the new particles mix strongly with the standard ones as in this case direct corrections to the standard particle will be much more important [12] . We will consider both type of direct and oblique corrections in the following.
The direct bound to the coupling of the W to top and bottom is coming from the observation of single top production at TeVatron: we will allow a variation of ±20% [13] . A tighter constraint originates from the unitarity of the CKM mixing matrix and flavour physics: however such bound is not applicable here because it does not take into account the effect of the heavy fermions, and it is also sensible to the contribution of other particles in the model (see [14] for a detailed study of bounds for singlet quarks and [15] for a vectorlike up-type quark or a fourth generation). The couplings of the Z to the bottom are also directly measured and very constrained [16] : in the left-handed coupling a +1% and −0.2% deviations are allowed; in the right-handed one, +20% and −5%. In the cases under study, only one of the two is affected, so that those limits are sufficient even though the bounds are correlated; in the case where they are both present, a more detailed fit is required.
For the oblique corrections, we calculated the contribution to the T parameter [17] . A detailed study is given in [18, 19] . We allow for a deviation of +0.4 and −0.2: we consider a tighter bound on negative values because it is generically more difficult to accommodate for a negative shift in T . For instance, increasing the Higgs mass with respect to the reference value will generate an effective negative contribution. This is a very conservative bound and we use it just to underline the power of oblique constraints with respect to the tree level ones. As mentioned above, model dependent contribution from other heavier particles may be relevant and give rise to cancellation, therefore significantly modifying the allowed parameter space.
Another important bound on the parameter space comes from direct searches at the TeVatron. The most recent bounds are 335 GeV for a t state [20] , and 385 GeV for a b [21] : however, those bounds assume 100% branching ratios t → W q and b → W t. This is true for a fourth generation, but in our case decays in neutral bosons will play an important role. Case by case, we will set a bound roughly at the Zt or ht thresholds, where the branching ratio in W 's will become much smaller than 100% . 
Case I: singlets
Let us first consider the case ψ = (1, 3 ) = U : only a top partner is present. The Yukawa couplings can be written as:
In this case x = λv √ 2
: only the up mixing is present, and the right-handed angle is smaller. As the bottom sector is unaffected, the only tree level bound comes from the W tb coupling which is reduced compared to the SM value:
The tree level bounds, therefore, are not very tight. The T parameter receives a positive contribution. In Figure 2 we show the bounds in the parameter space x-M . For light t the dominant constraint is coming from the W coupling, while for heavier ones the tighter bound comes from the oblique parameters. Changing the reference value for T does not affect the blue line much, so the bound is robust. The only heavy fermion is a top partner t : in this case, there are no off-diagonal right handed couplings for the Z and W . Therefore, it can decay to Zt and W b via left-handed couplings of strength respectively
If kinematically allowed, the decay to ht can also occur due to the new Yukawa coupling. The branching ratios will be discussed in detail in the next sections.
In the case ψ = (1, − 1 3 ) = D, only a bottom partner is present: this case is much more constrained than the previous one because the couplings of the bottom are much better 
A negative shift in the left-handed coupling is bound to be less than about 0.2%:
A detailed analysis of vector-like singles effects in flavour physics is in [22, 23] .
Case II: SM doublet
In the SM doublet case ψ = (2, 1 6 ) = {U, D} T the vector-like fermion contains both a top and bottom partners. Like in the SM, it is possible to write two Yukawa couplings involving the left-handed components of the doublet:
Both up and down mixings are present and we can define x = λuv √ 2 and
: the left-handed angle is smaller. The most dangerous bound comes from deviations in the couplings of the Z to the bottom, which are sensitive to the λ b Yukawa coupling:
while the left-handed one is unaffected because D has the same coupling as the left-handed SM down quark. The only tree level bound on x comes from the left-handed W tb coupling:
Due to the extra m 2 t suppression, the tree level bounds are mild. There is also a new right-handed coupling to the W :
The T parameter receives a positive contribution and it depends on both x and x b . From Figure 3 we can see that the bound on x b is dominated by the Z coupling: for comparison we show the bounds from T for x = 100 and 300 GeV showing the strong dependence on x. The figure also shows the bounds on x, as a function of M for x b = 50. The bounds from T and the W coupling do not depend much on the precise value of x b , as long as it is small (x b < 150 GeV in our range of interest). On the other hand, the bound from the Z coupling (red line) does not depend on x and it shifts according to the value of x b .
The physical spectrum contains a top partner t and a bottom partner b : the bottom partner is typically lighter that the top one, as long as x b is small, as it can be seen in 
Case III: non-SM doublets
In the case ψ = (2, 
: only the up mixing is present, and the left-handed angle is smaller. The only tree level bound comes from the left-handed W tb coupling:
Due to the extra m 2 t suppression, the tree level bounds are negligible. The T parameter can receive both a positive and a negative contribution. For positive T we fix the bound at 0.4, and the curve does not depend much on the precise value (solid blue line in Figure 2 ). For negative contributions, we impose a tighter bound at −0.2, the reason being that it is generically more difficult to accommodate for a negative shift in T . In the latter case, the curve is very sensitive to the precise value (blue dashed line in Figure 2 ) and two fine tuned regions on the small M branch are still allowed. The physical spectrum contains a top partner t and a lighter new fermion X with charge In the case ψ = (2, − 5 6 ) = {D, X} T , a bottom partner and a fermion X with charge − 4 3 are present, and a tighter constraint comes from deviation of the Z couplings with the bottom. The strongest tree level bound comes from corrections to the Zbb coupling:
The tree level decays are similar to the other doublet, replacing top with bottom.
3.4 Case IVa: triplet 2 3 In the case ψ = (3, 3 ) = {X, U, D} T , the new fermion contains a partner for both top and bottom, plus X with charge 5/3. The Yukawa couplings involve the right-handed component of ψ:
The new Yukawa, therefore, induces a mixing both in the top and bottom sector: defining as usual x = λv √ 2
, for the top the same formulas as in case I apply, while for the bottom it suffices to replace x → √ 2x. From Figure 4 we can see that in most of the parameter space, especially on the large M branch, m b > m t > m X .
The presence of a bottom partner induces deviations in the couplings to the Z:
14)
The strongest bound is therefore coming from the positive deviation to the left-handed coupling. We also computed the T parameter, however it is small and does not pose any further bound. From Figure 4 we can see that the Z coupling bound is very tight indeed and the new Yukawa x has to be smaller than about 100 GeV in the range of masses we considered.
The spectrum contains tree new particles, X, t and b : the lightest one is always the X (m X = M ) which decays in W + t (with a virtual W for very light M ). In the case ψ = (3, − 
As before, the new Yukawa induces a mixing both in the top and bottom sector: defining as usual x = λv √ 2
, for the top the same formulas as in case I apply with x → √ 2x, while for the bottom it suffices to replace x → −x. From Figure 4 we can see that in the whole parameter space m t > m b > m X .
The presence of a bottom partner induces deviations in the left-handed coupling to the Z:
The strongest bound is therefore coming from the negative deviation to the left-handed coupling. The T parameter receives a positive contribution, however as it can be seen from Figure 4 the bound is always weaker than the tree level one. Like in the previous case, the new Yukawa x has to be smaller than about 100 GeV in the range of masses we considered.
The spectrum contains tree new particles, X, t and b : the lightest one is always the X which decays in W − b. For the heavy bottom, b → (Z, h)b and b → W t are the main modes together with b → W X. For the heavy bottom, t → (Z, h)t and t → W b are the main modes together with t → W b .
Tree level and radiative decays
The main decay modes of the heavy fermions is via heavy gauge bosons, the W and Z, and the Higgs boson h. The width is effectively controlled by the new Yukawa coupling λ, which generates the mixing with the light fermions. Generically, all those modes are present but the relative ratios depend crucially on the quantum numbers of the new fermion. These modes are also crucial for the observation of the new states at the LHC [24] . At loop level, new channels are added, namely decays via emission of a photon or gluon. Even though the branching ratio is suppressed by a loop, the cleanness of the photon mode may be important for LHC strategies. Moreover, those loops may be enhanced in the case of large Yukawa λ and provide a tool to measure it (note that tree level branchings are roughly independent on the size of the Yukawa). Finally, in the case of strong coupling, if the heavy states originate from a strongly interacting sector, those modes may become comparable to the tree level decays, and a measurement the modes may give a hint of the composite nature of the heavy states.
Pushed by those motivations, we explore here the loop induced decays and calculate the branching ratios in the perturbative regime, i.e. for small Yukawa λ. Numerically, we consider the one-loop result reliable for x ≤ 500 GeV. A generic matrix element that describes the decay of a heavy fermion F to a light one f plus a vector can be parametrised as [25] :
where µ is the polarisation of the vector and p µ = q µ 2 − q µ 1 is its momentum, and L and R are the chirality projectors. This result is valid for general decays into a gauge boson (massive or not). In the case of a massless one, therefore unbroken gauge symmetry, the conservation of the fermionic current (M( µ = p µ ) = 0) implies that:
2)
when the external boson is on-shell, p 2 = 0. Here, m F and m f are the masses of the heavy and light fermions. The partial width can be expressed in terms of those parameters:
where the phase space function
For the gluon, an extra colour factor of 4/3 must be added; for a massive boson, a more general formula applies that can be found in [25] . The general one loop contributions to the matrix element in eq.(4.1) are listed in Appendix A.
The general formula can be also used to calculate the tree level decay widths into heavy gauge bosons: in this case, the left-and right-handed couplings are given by a 3 and b 3 while all the other parameters vanish. The width is given by:
where Re and Im indicate respectively the real and imaginary part. The tree level widths for all the cases are explicitly given in Appendix B.2.
Numerical results
In this section we report numerical results for the tree and one-loop level branching ratios in the various cases. As a reference, we fix m h = 120 GeV, and we limit the plots to m t < 1 TeV. For larger masses, the production cross section at the LHC is too small to lead to a clear signature (see Figure 9 ). In all cases we will plot curves corresponding to various values of x as a function of the t mass. The point is to show the possible range of values for the branching ratios (BR) as a function of the mass. The relative importance of the tree level decays is typically controlled by the representation of the new fermion, therefore observing those modes can help to discriminate between the different cases. In all the plots, the continuous line corresponds to parameter space that is allowed by all constraints, while the dotted part of the lines are excluded by the T parameter only and therefore may be allowed if new contributions are present. All the numerical results are based on the formulas provided in Appendix A and B.2.
Case I: singlet
In Figure 5 we show the results in the singlet case for x = 10, 100, 200, 300, 400 GeV. The smaller x corresponds to the mostly continuous lines, while large x gives rise to shorter lines due to the tighter bounds. Below the ht threshold, the main decay is in W b, therefore such masses are excluded by TeVatron: the lower bound on the mass is roughly m h + m t ∼ 290 GeV. After the Higgs channel opens up, the branching ratios saturates to the values BR(W b) ∼ 50% and BR(Zt) ∼ BR(ht) ∼ 25%, in agreement with the formulae in Appendix B.2. The loop induced channels decrease with increasing x and they stay at the 10 −6 level for the photonic channel and 10 −5 level for the gluonic one. We can see that those numbers agree with the rough estimates presented in Appendix B.1 based on the contribution of the dominant loop. We also observe a "peak" at the ht threshold: this is due to the fact that below such threshold the total width decreases sharply, while the loop one increases. After the threshold, the contribution of the Higgs channel increases the total width, thus pushing down the BR. Above threshold, we also observe a point where the BR starts decreasing due to a decrease in the partial width.
Case II: SM doublet
The case of the SM doublet is more complex due to the presence of two Yukawa couplings. However, the bottom-like one is very constrained by tree level corrections, therefore here we fixed it to a small value (x b = 50 GeV) and vary the top-like Yukawa x. The numerical results are showed in Figure 6 : for small x the main tree level decay is W b, while for large values it is (Z, h)t. The decay into W b is only relevant for very large x, values excluded by the T parameter. Also, the loop-decays tend to increase for larger values of x.
While the values of the BRs do not depend significantly on x b , there is a lower limit on the t mass from the coupling of the Z that depends crucially on the two Yukawa couplings and that can be deduced from Figure 3 : for example, for x b = 50 GeV and x = 100 GeV, m t ≥ 600 GeV. As for the singlet, the direct exclusion by TeVatron applies below the ht threshold, where the W b channel is reduced by more than 20%. For small x, the W b channel always dominates and the direct bound goes to the nominal value 335 GeV.
Case III: non-SM doublet
In Figure 7 we show the numerical results for the non-SM doublet case. For small values of x, the tree level BR saturates rapidly to BR(ht) ∼ BR(Zt) ∼ 50% while the decay in W b is very suppressed. Intermediate values of x are excluded by a negative contribution to T , while large values of x are again allowed: however, x > 500 GeV is at the edge of the non perturbative regime and the tree level and one-loop results cannot be trusted. In this case, we also observe larger values of the loop BR compared to other cases.
Case IV: triplets
In Figure 8 we show the numerical results for the two triplet cases. As before, above the ht threshold, the tree level BR saturates: while in the Y = 2/3 case the 3 channels are comparable, in the Y = −1/3 case we see that the W b channel is suppressed while BR(ht) ∼ BR(Zt) ∼ 50%. Also, the W b channel starts going down after the Zt threshold, so that the rough TeVatron lower bound on the mass is m t ≥ m t + m Z ∼ 260 GeV. As before we observe a"peak" at the ht threshold. In the Y = 2/3 cases, there is also a very high peak right below the Zt threshold: it results from a combination of the increase in the partial width for the radiative decays and a decrease of the total width followed by a sharp increase above the threshold. The radiative decays can therefore reach the percent level: however this region is excluded by TeVatron because the dominant decay mode is W b.
Conclusions
In this paper we have discussed the effects of new vector-like fermions, assuming that the new fermions mix with the SM ones via Yukawa interactions. Assuming a SM Higgs sector that mixes to top and bottom only. We have analysed present bounds at tree level and loop level, and computed the widths and branching ratios of the new particles at tree level to W b, Zt and ht, and at loop level to a photon or a gluon (radiative decays). Our result shows that, while the tree level branching ratios depend on the mixing parameters, the radiative ones, once we limit ourselves to the allowed parameter space, are independent on the precise value of the new Yukawa coupling and close to what one would obtain with a simple estimate. These results are very useful for model independent searches and exclusions at the LHC. In fact, the new states will be abundantly produced both in the 7 TeV and in the 14 TeV phases of the LHC for fairly low masses. At 7 TeV, the strong pair production cross section is above 1 pb for m t < 600 GeV, while at 14 TeV we have cross sections larger than 100 fb for masses below a TeV. In Figure 9 we plotted the estimated cross section calculated at LO for different masses of the heavy fermion and multiplied by the k-factor to the improved NLO cross section fortt production. Because of the fairly large cross sections, the various tree level decay modes should be observed at the LHC. An interesting feature is that the pattern of tree level decay modes depends on the representation of the new fermion and measuring the branching ratios in Zt and ht can allow to limit the number of cases and rule out the possibility of a chiral fourth generation.
Another interesting channel at the LHC is the single production of the heavy fermion, see for example [27, 28] . Even though the process is mediated by electroweak bosons and Higgs, the cross sections can be large and depend crucially on the value of the new Yukawa coupling. However, contrary to the pair production, this channel is very model dependent and requires a more detailed study that we will present in a forthcoming publication. The importance of this channel is that it can give direct information on the size of the new Yukawa coupling.
Finally we calculated the branching ratios to loop induced decays into a photon or gluon. The branching ratios are typically of the order 10 −6 for the photonic channel and 10 −5 for the gluonic one in the perturbative regime, therefore they will be virtually impossible to see at the LHC. For illustration, in Table 1 we listed the branching ratios in the various cases for m t = 500 GeV. However, those values are quite independent on the value of the Yukawa coupling, therefore observing values much larger than the ones calculated here may be a hint of strong coupling regime. In fact, higher order operators, generated by the strong coupling, do contribute equally to the W , Z and γ channels: if those operators are large, we would expect order one branching ratios in photon, as typical of an excited fermion. Larger values of the loop induced channels may also be generated by heavier states running in the loop and not directly observed at the LHC. In this case, the loop may be enhanced by large couplings in the heavy sector. Nevertheless, in the perturbative regime, such new contribution would be loop suppressed and therefore can not enhance the channel by orders of magnitude. In this sense, we conclude that under our assumptions that only one "light" vector-like fermion is present, the observation of the γt or gt channels at the LHC hints to a strong coupling dynamic as the origin of the new state.
while a scalar boson φ has couplings:
In our calculation, we use 't Hooft-Feynman gauge and take the external quarks t , t to be on shell. The t → tγ(tg) transition matrix element is given by
where Γ µ ren is renormalised electromagnetic (strong) current and µ is the polarisation vector of the gauge boson. In this case, the form factor of electromagnetic current is given by
The unrenormalised current Γ µ can be written in the following form
where the form factors a i and b i are sums of the contributions from all diagrams in the process. We perform our loop calculations in D dimensions and define = 4 − D. In general, Γ µ contains 1/ terms and has to be renormalised. Detail of the renormalisation scheme is given in Ref. [25] . We introduce T L and T R which are left-and right-handed parts of the counter terms. In the case of t → tγ where γ is on shell (and similarly for the gluon), electromagnetic current conservation p µ Γ µ ren = 0 implies the condition
In the rest of this appendix we list the contribution of each diagram to the amplitude. This is a generalisation of the amplitudes in Ref. [25] . The currents A µ -J µ denote the results for each diagrams labelled in Fig 10, expressed in terms of Passarino-Veltman functions B 0 , B 1 , C 0 ,C 0 and C ij which are given in Ref. [29] , so that the total result Γ µ is the sum of all those cotributions. In the following expressions, M q and M V are the masses of the internal quark q and vector boson V respectively, Q u = 2/3 and Q d = −1/3 the electric charges of up and down type quarks (note that in the gluon amplitude they are replaced by a colour factor 4/3). The values of the coefficients A, B, C and D are listed in The contribution of diagram a is given by where the coefficients f , which are functions of the masses, are:
with C x being Passarino-Veltman functions evaluated in
, (A.17)
where the coefficients are 20) with coefficients
where the coefficients are given by
where the coefficients are equal to
with coefficients 27) with
B. Decay width formulas

B.1 A quick estimate
Just to have an idea of the orders of magnitude, we give the tree level widths by computing the decay of the heavy fermion in W + light fermion (where the dominant channel is in longitudinal polarisation, i.e. in the Goldstone boson). From Eq. 4.5, the width is:
where λ is the new Yukawa coupling. This width is equal to the one into Z (long polarisation) and neutral Higgs, therefore if both channels are present the total width is doubled. For the loop induced one, the graphs directly proportional to the new Yukawa coupling dominate. We will distinguish two cases: Yukawa coupling involving the left-handed F (case I) and right-handed F (case II). The amplitudes are dominated by the terms:
Plugging those amplitudes in Eq. 4.4, we find:
where we have used the top Yukawa coupling in α t = λ 2 t /4π, and α em = e 2 /4π. (Note: for light fermions f , the top Yukawa may be replaced by the weak α, from diagrams H and I). The branching fraction is therefore:
Note that this is a very conservative estimate, as the sum may contain a log
enhancement which may enhance the result by one or two orders of magnitude.
B.2 Decay widths and the the large mass limit
The heavy vector-like fermion t can decay at tree level to bW and b W via a charged current and to Zt and ht via a neutral current. The t → bW and t → b W transition matrix elements are given by
where g W L and g W R are left-and right-handed couplings of t b W (t b W ). From Eq. 4.5, the partial width of t → bW (b W ) decay is expressed as
where Re and Im indicate respectively the real and imaginary part. In the large m t limit the previous formula becomes
Concerning neutral currents, the t → tZ transition matrix element is written as
where g Z L and g Z R are left-and right-handed couplings of t t Z. The partial width of t → tZ is
(B.10)
In the large t mass limit the previous formula can be written in the following form
(B.11)
For the tree level t → th decay, the matrix element is written as
where C L and C R are left-and right-handed couplings of t t h. The partial width of t → th
In the large m t limit this becomes
(B.14)
Singlet case
In the case the new vector-like fermion is a singlet, from the results in section 2.1 we find that the couplings can be written as
In the large mass limit m t ∼ M m t , x, the tree level t decay widths become Γ(t → bW ) ∼ 1 32πM Therefore, in this limit, the t will decay half of the times in W b, and 25% in Zt and 25% in ht.
SM doublet case
For a Standard Model like fermion doublet the couplings are given by: in the large mass limit, the tree level t decay widths are For small x b x, the t will always decay in tops and in equal proportions to Z and Higgs.
Non SM doublet case
For a doublet with hypercharge 7/6, the couplings are 
In the large M limit, the tree level t decay widths are The t will therefore decay preferably in tops, with equal probability in association of a Z boson or Higgs.
Triplet Y = 2/3 case For a triplet with hypercharge 2/3:
In the large M limit, the tree level t decay widths are 
In the case of a triplet with hypercharge −1/3:
2xm t M , (B.40)
2x .
